We studied the effects of factors that alter active Na extrusion on microvascular smooth muscle contraction. As an index of contraction, we measured arterial pressure in perfused isolated rat hindlimbs. The perfusate was oxygenated Krebs-Henseleit solution containing 0-5.9 mM K + , 4% dextran-40, and, in some instances, dog red cells (6-15% hematocrit). The reference solutions contained 5.9 mM K + . Lowering [K + ] o by 50%, or more, substantially increased perfusion pressure reversibly; pressure was inversely related to [K + ] o . Treatment with 10" 3 M ouabain, which should completely inhibit Na-K pumps, caused a greater pressure increase than did nominally K + -free media. These effects were observed in the hindumbs of reserpine-treated (catecholamine-depleted) as well as normal rats and, thus, cannot be explained by modulation of catecholamine release. Perfusion with solutions containing a constant concentration of norepinephrine increased the perfusion pressure with 5.9 HIM K present and augmented the responses to both reduced [K + ] o and ouabain. The data are discussed in terms of two mechanisms that may lead to a rise in cell Ca 2+ : (1) inhibition of electrogenic Na-K pumps may cause the smooth muscle fibers to depolarize slightly, thereby activating a Ca 2+ conductance increase or release of stored Ca 2+ , and/or (2) the rise in cell Na*, due to Na-K pump inhibition, may cause the fibers to gain Ca 2+ by means of Na-Ca exchange.
ISOLATED vascular smooth muscle contracts on exposure to potassium-free media or to media containing cardiac glycosides (Blaustein, 1977a) . A reduction in the extracellular K + concentration, or treatment with cardiac glycosides, produces an increase in peripheral resistance in intact vascular beds (Haddy, 1975) . Three mechanisms, all involving effects on active sodium transport, have been proposed to explain these effects:
1. Inhibition of ATP-dependent, cardiac glycoside-sensitive Na-K exchange pumps in the plasmalemma of sympathetic nerve endings may promote the release of catecholamines (e.g., Bonaccorsi et al., 1977; Katsuragi et al., 1978) which will, in turn, induce contraction of vascular smooth muscle.
2. Inhibition of the Na-K pumps in the sarcolemma of vascular smooth muscle fibers (Heidlage and Jones, 1978) should depolarize the fibers by a few millivolts because these pumps, like those in many other types of cells (De Weer, 1975) , are electrogenic (Hendrickx and Casteels, 1974; Casteels et al., 1977a) . This depolarization should tend to raise the concentration of free Ca 2+ ions in the sarcoplasmic space ([Ca 2+ ]0 (a) by increasing a voltage-sensitive Ca 2+ conductance of the sarcolemma (Reuter, 1973) and thereby enhancing Ca 2+ influx, and/or (b) by enhancing the release of Ca 2+ from intracellular storage sites (especially the sarcoplasmic reticulum: Devine et al., 1972; Somlyo et al., 1979) . In smooth muscle with maintained tension ("myogenic tone"), such as vascular smooth muscle (Uchida and Bohr, 1969) , [Ca 2+ ] ; must normally be maintained above the contraction threshold (Blaustein, 1977a) . The depolarization-induced rise in [Ca 2+ ]i will produce an increase in smooth muscle tension because, as is true in other types of muscle, Ca 2+ triggers contraction, and the force of contraction is related to [Ca 2+ ]i. This mechanism, involving depolarization, has been advocated by Haddy (Haddy et al., 1978) .
3. Inhibition of Na-K pumps in the smooth muscle sarcolemma will also cause [Na + ]i to rise (by reducing Na + extrusion). In vascular smooth muscle fibers (Blaustein, 1977a (Blaustein, , 1977b , as in other types of cells, Ca 2+ transport may involve a Na-Ca exchange mechanism by means of which entry of Na + is coupled to exit of Ca 2+ . As a result, the Na + electrochemical gradient across the sarcolemma may play a crucial role in the control of [Ca 2+ ];: a rise in [Na + ]i (the sarcoplasmic Na + concentration) will 464 CIRCULATION RESEARCH VOL. 46, No. 4, APRIL 1980 lead to a rise in [Ca 2+ ]i. With [Ca 2+ ]i normally maintained above contraction threshold, any increase in [Ca 2+ ]i will lead to an increase in smooth muscle tension.
The present study was undertaken to determine whether or not modulation of Na-K pump activity in vascular smooth muscle fibers has a direct effect on peripheral vascular resistance to blood flow (mechanism 2 or 3 or both); i.e., conditions were employed in which modulation of catecholamine release (mechanism 1) could be ruled out.
Preliminary reports of some of our observations have been published (Lang and Blaustein, 1978) .
Methods

Animal Preparation
Female albino rats weighing 150-250 g were, unless otherwise noted, depleted of catecholamine stores by intraperitoneal injection of reserpine (5 mg/kg) 15-20 hours before surgery. Treated rats exhibited severe ptosis and diarrhea and were very lethargic at the time of surgery.
Adult, guanethidine-sympathectomized rats were kindly given to us by Dr. Eugene Johnson, Department of Pharmacology, Washington University Medical School, St. Louis, Missouri. The animals were prepared according to previously published methods (Johnson et al., 1975) .
Rats were anesthetized with sodium pentobarbital (30 mg/kg, ip), and isolated perfused hindquarters were prepared (see Ruderman et al., 1971) . A heparin-filled PE 50 catheter was inserted into the left external jugular vein, and the animal then was subjected to total abdominal evisceration (Lang et al., 1972) . Untied ligatures were placed under the freed-up abdominal aorta and vena cava between the renal vessels and the iliac bifurcation. Heparin (500 U in saline, 0.5 ml) was injected slowly into the previously cannulated external jugular vein. After 1-2 minutes, the proximal aorta was ligated; the distal aorta was cannulated with PE 190 tubing attached to the outflow of a Harvard model 500-1200 variable-speed pulsatile-flow pump set to deliver 1-2 ml of perfusion fluid per minute. When the arterial cannula was in place, the pump was turned off while the vena cava was ligated, and a PE 190 catheter was inserted through a cut distal to the ligature. The pump then was restarted and set to deliver fluid at a rate of 9-11 ml/min per 100 g perfused tissue (estimated as 30% of total body weight). Total occlusion of vessels to the hindlimbs usually lasted only a few seconds and never exceeded 1 minute.
Recording System
Perfusion pressure was recorded by a pressure transducer (Statham P23H) connected to a "T"-tap attached to the arterial cannula. The output of the transducer was connected to DC preamplifier (Grass 7 PI A) and pen recorder (Grass 7WC 12PA).
There was no discernible resistance to flow through the arterial cannula when lying free, with the pump set to its maximal flow rate (>30 ml/min) and the recorder sensitivity adjusted to the level used during experiments (5 mm Hg/mm deflection on the recording chart).
Perfusion Fluids
The standard perfusion fluid was a Krebs-Henseleit solution containing (in miu): NaCl, 120; KC1, 5.9; CaCl 2 , 2.6; MgSO 4) 1.0; NaH 2 PO 4 , 1.0; NaHCO 3 , 20; and glucose, 10. The solution also contained 4% (wt/vol) dextran-40 (40,000 mol wt; Sigma Chemical Co.). In solutions with reduced or deleted K + , KC1 was replaced by equimolar amounts of NaCl. In some instances, ouabain (1 HIM; Sigma) or norepinephrine was added to the perfusion fluids (see Results for details). The fluids were warmed to 37°C and gassed with 95% O 2 -5% CO 2 ; the pH was 7.4. The osmolality of the fluids, measured on a vapor pressure osmometer (Wescor), was 305 ± 5 mOsmol/kg.
In many experiments, the Krebs-Henseleit solutions were supplemented with saline-washed dog erythrocytes to give a final hematocrit of 6-15% (hematocrits were constant in any single experiment). Blood was collected aseptically from anesthetized mongrel dogs and was anticoagulated with acid-citrate-phosphate-dextrose solution, USP (Travenol-Fenwal). Just prior to an experiment, the blood cells were packed by centrifugation and washed 3 ' times with 0.9% NaCl; the buffy coat (white cell layer) was removed during the washes. The final washed, packed red cells were diluted 1:1 with K-free Krebs-Henseleit solution, and thoroughly mixed aliquots of this suspension were further diluted (to the desired final hematocrit) with Krebs-Henseleit solutions containing the required KC1 concentrations. The erythrocyte-containing fluids were filtered through a small cotton pledget, placed in the inflow line just distal to the infusion pump, to remove clumped cells. Dog erythrocytes were used in these experiments because their Na + and K + concentrations approximate those of blood plasma (Bernstein, 1954) ; thus, slight hemolysis would not markedly alter the K + concentration in the perfusion fluids (cf., Kanno et al., 1976) .
In most experiments, samples of the venous effluent were collected periodically (at 30-or 60-second intervals; see Results). Potassium concentrations were determined by atomic absorption spectrophotometry on both the original solutions and the venous effluent samples. When the fluids were supplemented with dog erythrocytes, cell-free supernatant solutions were obtained by centrifugation for the K + analyses. Hematocrits of all arterial inflow and venous outflow solutions were obtained. In addition, aliquots of both the "erythrocyte-containing fluid" and the cell-free supernatants were diluted into 0.2% Triton X-100 (to lyse intact red cells), and the hemoglobin concentrations were de-termined (as absorbance at 540 IIM); this enabled us to calculate the percent hemolysis in the "erythrocyte-containing fluid". Typically, there was about 2-3% hemolysis of the red cells in the arterial reservoir blood and little or no further hemolysis after perfusion through the hindlimbs. When erythrocytes were used, there was little evidence of edema in the hindlimbs, even after 2 hours or more of perfusion.
A small amount of Evans Blue dye was introduced into the perfusion fluid at the end of each experiment to visualize the perfused regions. Invariably, the skin of the entire hindquarter was dyed blue; dissection of the hindlimbs revealed uniform distribution of the marker throughout the musculature. These findings indicate that a majority of the small blood vessels in the hindlimb remained patent during the course of the experiment.
Temperature Control
Hindquarter temperature was measured by means of a small thermistor probe inserted 1-2 cm into the rectum. The perfusion fluids were pumped through a short stainless steel coil set in a 40-ml water bath; the coil was positioned just proximal to the "T"-tap and arterial cannula. With the water bath set at 38°C, the arterial fluid was maintained at about 36-37°C, and the rectal temperature was maintained at 34-36°C.
Statistical Methods
Least squares linear regression and correlation coefficient calculations were made and comparison of differences between regression lines computed (Crow et al., 1960) .
Results
Effects of Catecholamine Depletion
To rule out release of catecholamines from sympathetic nerve endings as a possible complicating factor in our experiments, reserpine-treated rats were used in most instances. Evidence that injection of reserpine (5 mg/kg), 15-20 hours before surgery, effectively depletes peripheral catecholamine stores (Rand and Jurevics, 1977) is illustrated by a comparison of the arterial pressure records in Figure 1 and 2A. The record in Figure 1 is from the perfused hindquarter of an untreated rat. At the arrow, the spinal cord was transected in the lower thoracic region; note the marked transient increase in perfusion pressure. This is, presumably, a consequence of intense stimulation of sympathetic neurons in the spinal cord. In contrast, Figure 2 shows the arterial pressure record from a reserpine-treated rat; note that the pressure did not change when the spinal cord was transected (at the first arrow in A). The latter record was typical of those obtained from reserpinized rats. Identical results were obtained in the perfused hindquarters from three guanethidine-CD FIGURE 1 Arterial perfusion pressure in the hindquarter of a non-reserpinized rat. The perfusion fluid contained 5.9 mM K + and was cell-free. At the time indicated by the arrow, the spinal cord was severed in the midthoracic region. Flow rate = 0.15 ml/min per g; temperature = 33°C. sympathectomized rats (Johnson et al., 1975) . Since the distal sympathetics must surely be stimulated by spinal cord transection in the reserpinized rats, we conclude that the reserpine treatment effectively depletes peripheral catecholamine stores. There is no reason to suspect that the catecholamine receptors are adversely affected by reserpine because, as discussed below, the vascular tone increases when norepinephrine is added to the perfusion fluids in reserpinized preparations. FIGURE 2 Arterial perfusion pressure in the hindquarter of a rat given reserpine, 0.8 mg, ip, 20 hours before surgery. Record A was taken while the preparation was perfused with cell-free fluids containing the indicated K + concentrations; at the arrow, the spinal cord was severed in the midthoracic region, and the distal portion then was crushed. Records B and C were obtained while this preparation was perfused with fluids containing washed dog erythrocytes (hematocrit = 6%); changes in (nominal) [K*],, and addition of ouabain to the perfusion fluid are indicated. The measured venous effluent [K*] o was 1.8 mM when inflow was "K*-free" (actually <0.01 mM); effluent [K*],, was 2.8 and 5.5 mM when inflow was 1.2 and 5.9 mM, respectively (all values were determined on cell-free supernatant fluids). Flow rate -0.13 ml/min per g; temperature = 36° C. TNG is trinitrate glycerin (nitroglycerin). 466 CIRCULATION RESEARCH VOL. 46, No. 4, APRIL 1980 Oxygen Supply
The Need for Erythrocytes in the Perfusion Fluids
Rat hindquarter preparations have been perfused with oxygenated standard physiological salt solutions in some studies on vascular physiology (e.g., Sutter et al., 1977) . However, our calculations indicate that these solutions will not deliver sufficient oxygen to the tissues at normal perfusion rates. According to Ruderman et al. (1971) , the perfused hindquarter of a 200-g rat consumes oxygen at a rate of 0.5 ml/min at 37°C. About 0.02 ml of O 2 will be dissolved in 1 ml of salt solution equilibrated with 95% O 2 -5% CO 2 ; thus, at a perfusion rate of 10 ml/min per 60 g (slightly higher than the in vivo perfusion rate for the hindquarter which consists of about 30% of body weight; Lang, unpublished data), only 0.2 ml of O 2 will be delivered to the tissue per minute. Only about 40% of the tissue's O 2 requirement is satisfied under these circumstances.
To provide sufficient oxygen to the hindlimbs, the Krebs-Henseleit solutions were supplemented with canine erythrocytes in most experiments. Erythrocyte-supplemented fluid with a hematocrit of 6% should have an O 2 -carrying capacity of about 0.05 ml 02/ml of "blood," when equilibrated with 95% O 2 -5% CO 2 . This O 2 content is marginal, when the flow rate is 10 ml/min in a 60-g hindquarter. In most experiments, we used hematocrits of 10-15% to ensure an adequate O 2 supply. The readily visible contrast between the bright red arterial blood and darker venous outflow indicated that a considerable fraction of the O2 in the perfusion fluids was consumed by the tissue, even at relatively high rates of O 2 delivery (~1 ml 0 2 /min per 60 g of tissue). This is, of course, also a good indication of tissue viability.
When erythrocyte-supplemented fluids were introduced after a period of perfusion with cell-free fluid, we invariably noted (see Fig. 2B ) that the diastolic and systolic perfusion pressures, as well as the pulse pressure, increased. Nevertheless, the subsequent observed effects of changes in the K + concentration of the perfusion fluids ([K + ] o ) and those of ouabain on perfusion pressure were qualitatively similar, whether or not erythrocyte-supplemented fluids were used (compare A and B in Fig. 2) .
Effects of K + -Depletion and of Ouabain in the Putative Absence of Catecholamines
As noted by others (Haddy, 1975; Ozaki et al., 1978) , we found that complete replacement of extracellular K + by Na + , or addition of ouabain to the perfusion fluid, increased peripheral resistance, even in preparations from reserpinized or guanethidine-sympathectomized rats. These effects were seen in preparatins perfused with cell-free Krebs-Henseleit solutions ( Fig. 2A and Table 1 ) as well as in preparations perfused with erythrocyte-supplemented fluids (Fig. 2, B and C) . Although the perfusion pressures recorded from red cell-perfused preparations were generally quite stable, the perfusion pressure often declined progressively during the experiments in which red cells were omitted (see Fig. 2A ).
Invariably, the absolute magnitude of the mean perfusion pressure increment induced by 1 mM ouabain ( Fig. 2C ; also see Figs. 3 and 5) was considerably greater (usually by about 50%) than that observed after total K + replacement (Fig. 2B) . The cell-free supernates of the nominally K + -free erythrocyte-supplemented fluids contained <0.01 mM K + . However, the K + concentrations in the venous effluent plasmas were always about 1-2 mM, even after 5-10 minutes of perfusion with these nominally K + -free fluids. This K + is probably derived from two sources: (1) There is a small (~2 ml) mixing reservoir in the inflow line that cannot be completely emptied and is, therefore, only slowly washed out when the perfusion solutions are (3) All preparations were from reserpinized or guanethidine-sympathectomized rats. Mean perfusion pressure was equal to the diastolic pressure plus onethird of the pulse pressure. Values shown in columns 2-4 are means ± SEM; number of preparations shown in parentheses.
* Probabilities were derived from comparison of the slopes of the regression lines by means of the Student's (test. Data were not paired. | Hematocrits were 10-15%, except for one of the catecholamine-free preparations (6% hematocrit). Relationship between the nominal external K + concentration (abscissa) and the mean arterial perfusion pressure (ordinate) for two hindquarter preparations from reserpine-treated rats. The unfilled circles are data from a catecholamine-free preparation (same data as in Fig. 2) . The filled circles are data from a different preparation perfused with fluid containing dog erythrocytes (hematocrit = 15%) and norepinephrine, 0.02 fig/ml . The latter preparation was from a rat pretreated with reserpine, 0.8 mg, ip (18 hours before surgery); flow rate = 0.13 ml/min per g; temperature = 37° C. The numbers adjacent to the circles indicate the sequence of perfusion fluid changes. The least squares regression line for data derived from the norepinephrinetreated preparation is Y = -9.5X + 136, and the coefficient of correlation (r) -0.99; that for the catecholaminefree preparation is Y = -2.1X + 44, r = 0.97. measureable, increases in perfusion pressure when [K + ] o was reduced by about 40-50%, i.e., from 5.9 mM to 3.5 or 3 mM (nominally).
Effects of K + -Depletion and of Ouabain in the Presence of Catecholamines
The perfusion pressures in preparations from reserpine-treated rats were often quite low (50/25 mm Hg or less). Addition of norepinephrine to the perfusion fluids not only increased the perfusion pressure when [K + ] o was 5.9 mM but also amplified the response (in terms of the absolute increment in mean perfusion pressure) to media with reduced K + concentrations. That is, norepinephrine appeared to sensitize the vascular smooth muscle to reduction of [K + ] o . For example, in the experiment illustrated in Figure 4 , perfusion with K + -free solution before the addition of norepinephrine (data not shown) increased perfusion pressure from 30/16 to 36/21 mm Hg; with norepinephrine, 0.02 jug/ml, present, the pressure was increased from 80/50 to 140/95 by removal of external K + . In this experiment, 1 mM ouabain (added to the 5.9 mM K + fluid containing norepinephrine) increased the perfusion pressure to 220/155; as in the catecholamine-free preparations (cf. Figs. 2 and 3) , ouabain had a greater effect on perfusion pressure than did "total" K + removal. Moreover, as indicated in Table IB , the abolute value of the increment in perfusion pressure, produced by ouabain in the presence of catecholamine, was greater than in the absence of catecholamine. Figure 3 shows the relationship between nominal [K + ] o and mean perfusion pressure for two reserpinized preparations, one of which was perfused with solutions containing norepinephrine, 0.02 jug/ml (filled circles). The data illustrate a consistent observation: namely, that the slopes of the [K + ] opressure regression lines obtained from norepinephrine-treated preparations (also see Figs. 4 and 5) were substantially greater than those from catecholamine-free preparations (e.g., Fig. 3 , open circles).
changed. The exchange is about 90% complete in 3 minutes.
(2) In addition, some K + is undoubtedly added to the fluid flowing through the blood vessels, as a result of leakage from the tissues of the hindquarter.
One of the pivotal observations in this study was that, in these reserpine-treated preparations, partial replacement of K + (by Na + ) also increased perfusion pressure and peripheral resistance (e.g., see Fig. 2C ). As illustrated in Figure 3 (unfilled circles), the magnitude of the pressure change was inversely related to the K + concentration in the perfusion fluid. Despite the uncertainty about the precise K + concentrations in the fluid within the arteries, the data clearly imply that partial inhibition ..of the Na-K exchange pumps is sufficient to increase perfusion pressure. We observed small, but Another observation, illustrated in Figures 2-4 , is that, for [K + ] o <6 mM, perfusion pressure varies inversely with [K + ] o , whether the hindlimbs are catecholamine-depleted or perfused with a constant concentration of norepinephrine.
To eliminate the possibility that some of the perfusion fluid norephinephrine was taken up by sympathetic nerve terminals, and subsequently release when [K + ] o was reduced, these experiments were repeated with solutions that contained norepinephrine and cocaine (200 /XM). The latter agent was added to suppress catecholamine reuptake by the sympathetic nerve terminals (Iversen, 1973) . The effects of reduced [K + ] o and ouabain were still manifested under these conditions (Fig. 5) . The conclusion is that ouabain and altered external K + concentrations modify vascular tone by a direct effect on the vascular smooth muscle fibers.
Discussion
The Effects of Ouabain and of Nominally K + -Free Fluids
In the perfused rat hindquarter, as in many other types of vascular smooth muscle preparations, the addition of ouabain to the extracellular medium, or the removal of external K + , leads to increased smooth muscle tension. In perfused vessels, this change in tension is manifested by increased resistance to flow if flow rate is held constant. Since both of these experimental treatments are known to inhibit the coupled exchange of Na + for K + (via the Na-K pump), it has been suggested (Haddy, 1975; Bonaccorsi et al., 1977) that the changes in smooth muscle tension are related to Na-K pump inhibition. Moreover, these effects of ouabain and K +free media have been observed in the presence of adrenergic blockers, or in sympathectomized or reserpinized preparations Ozaki et al., 1978; the present report) . Thus, at least in some vascular beds, the inhibition of Na-K pumps in the plasmalemma of vascular smooth muscle fibers (as opposed to those in the plasmalemma of sympathetic neurons) appears to influence smooth muscle tension directly.
There is little doubt that the Na-K pumps in the plasmalemma of vascular smooth muscle fibers are electrogenic (e.g., Hendrickx and Casteels, 1974) . However, the contribution of this Na-K pump activity to the normal resting potential may be minimal-as indicated by the observation that complete stoppage of the pumps with ouabain may cause only a small (<5 mV) immediate depolarization, whereas removal of K + may even hyperpolarize the muscle fibers transiently (e.g., Fig. 9 in Casteels et al., 1977a) .
Arterial smooth muscle contracts when [K + ] o is increased to about 15-20 mM, and contraction amplitude is graded with further increase of [K + ] o Casteels et al., 1977b) . This contraction presumably results from the increase in sarcolemmal Ca 2+ conductance (Reuter, 1973) and/ or the release of Ca 2+ from intracellular stores ) that occurs when the sarcolemma is depolarized beyond "threshold." Several investigators (Haddy, 1975; Reiner, 1978) have attributed the K + -free media and ouabain-induced contractions to the depolarization that results from inhibition of the Na-K pump current. The data of Casteels et al. (1977b) suggest that, with complete block of the Na-K pumps, the membrane potential may (barely) reach the contraction "threshold;" with only partial inhibition of the Na-K pumps, the resultant depolarization is unlikely to reach this "threshold." Thus, although pump inhibition may produce slight membrane depolarization and concomitant contraction of vascular smooth muscle, an alternative explanation of the induced contractions may be equally or more appealing.
It should be obvious that partial inhibition of the Na-K pumps (as a consequence of lowering [K + ] o ) will cause the fibers to gain Na + until a new steady state is reached (Blaustein, 1977a) . Although not universally accepted (e.g., Droogmans and Casteels, 1979) , there is now substantial evidence (Reuter et al, 1973; Blaustein, 1977a) that Ca 2+ transport in most types of muscle, including vascular smooth muscle, may be coupled to the Na + electrochemical gradient across the sarcolemma by a rise in [Ca 2+ ]i. If, as discussed elsewhere (Blaustein, 1977a) , the stoichiometry of this exchange is two or more Na + ions per Ca 2+ , very small changes in [Na + ]i may have a large effect on [Ca 2+ ] ; . Since Ca ions are the immediate trigger for contraction, the rise in [Ca 2+ ]i should lead to an increase in tension. To account for the myogenic "tone" in vascular smooth muscle (Uchida and Bohr, 1969) , it seems likely that [Ca 2+ ]i must be maintained continuously above the contraction threshold (Blaustein, 1977a) . Under these circumstances, small changes in [Na + ]i may, via Na-Ca exchange, alter [Ca 2+ ]i and, consequently, muscle tension.
This scheme appears to tie together a number of seemingly divergent observations and focuses on the long sought-after link between Na + metabolism and vascular tone. It may, for example, help to explain the "paradoxical" vascular smooth muscle relaxation that occurs when [K + ] o is increased slightly above the normal level (e.g., Emanuel et al., 1959; Bunger et al., 1976) , to levels (-12 mM; Chen et al., 1972) that may even minimally depolarize the tissue (cf., Siegel et al., 1976; Casteels et al., 1977b) .
K + Ions, Cardiac Glycosides, and the Sensitivity of Vascular Smooth Muscle to Vasoconstrictor Agents
Several authors have observed that reduced [K + ] o (Gebert and Piechowiak, 1974) , or the presence of a cardiac glycoside , enhances the sensitivity and reactivity of vascular smooth muscle to vasoconstrictor agents. Our own experience is no exception: as indicated by the data in Figure 3 , addition of norepinephrine, 0.02 jug/ml, to the perfusion fluid should increase perfusion pressure more at [K + ] o = 1.5 mM than at [K + ] o = 5.9 mM. In other experiments (data not shown), we found that the threshold concentration for norepinephrine's vasoconstrictor action was considerably reduced when [K + ] o was lowered. Conversely, with norepinephrine present in the perfusing fluids, we consistently observed that the absolute pressure responses to reduced [K + ] o (Fig. 3) , and to ouabain (Table 1) , were greatly enhanced, as compared to catecholamine-free conditions.
These findings appear to be consistent with the suggested Na-Ca exchange outlined above. Catecholamines are known to initiate or enhance tension by increasing [Ca 2+ ];-primarily by promoting Ca 2+ influx-although they may also increase Ca 2+ release from intracellular stores . At reduced [K + ] o , norepinephrine should cause a greater rise in [Ca 2+ ]i (and greater contraction) than at normal [K + ] o -because the reduced (net) Ca 2+ efflux, resulting from the lower Na + electrochemical gradient (see preceding section), will sum with the norepinephrine-induced increase in Ca 2+ influx. In addition, when [Ca 2+ ]j rises as a result of reduced efflux, more Ca 2+ will be sequestered in intracellular storage sites (such as the sarcoplasmic reticulum); thus, more Ca 2+ may be released from these sites by catecholamines (Blaustein, 1977a) . The net effect of lowering [K + ] o and introducing catecholamines should be a substantial increase in [Ca 2+ ]i; this should lead to a large increase in tension because of the direct relationship between [Ca 2+ ]i and tension (Filo et al., 1965) .
In summary, our main conclusion is that factors that alter the activity of sarcolemmal Na-K pumps may have a significant effect on vascular tone. The altered Na-K pump activity, whether induced by lowering [K + ] o or by exposure to ouabain, is sufficient to cause increased vascular resistance; this effect does not depend on the presence of functional sympathetic nerves or catecholamines. In addition, we and others (e.g., Emanuel et al., 1959; Bunger et al., 1976) have observed that vascular resistance varies inversely with [K + ] o , in a graded manner, for [K + ] o below approximately 12 mM (Chen et al., 1972) . These K + -dependent changes in resistance probably cannot be explained entirely by the effects on the membrane potential of turning electrogenic Na-K pumps on or off. Therefore, we favor the view that the effect on vascular "tone" of partial inhibition of sarcolemmal Na-K pumps is mediated, at least in part, by a Na-Ca exchange mechanism. If reduced arterial Na-K pump activity is involved in the etiology of some forms of hypertension, as a number of observations suggest (cf., Haddy et al., 1978; Blaustein, 1977a Blaustein, , 1977b , our studies may contribute to an understanding of the underlying mechanisms.
